A s the practice of carotid artery stenting (CAS) becomes more common, preventing cerebral embolism is a major concern with CAS. The CREST trial (Carotid Revascularization Endarterectomy versus Stenting) showed that there was a higher risk for stroke with CAS than carotid endarterectomy during the periprocedural period.
A s the practice of carotid artery stenting (CAS) becomes more common, preventing cerebral embolism is a major concern with CAS. The CREST trial (Carotid Revascularization Endarterectomy versus Stenting) showed that there was a higher risk for stroke with CAS than carotid endarterectomy during the periprocedural period. 1 In addition, there is an earlier report that asymptomatic ischemic lesions on diffusion-weighted image (DWI) are detected more often in CAS than carotid endarterectomy. 2 Recently, vulnerability of carotid plaque has been implicated in evaluating risk for plaque rupture that causes artery-toartery embolism. [3] [4] [5] Development of magnetic resonance (MR) imaging with high contrast and resolution enabled noninvasive assessment of carotid plaque vulnerability. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] High signal intensity plaques on T1-weighted images are considered to correspond to vulnerable plaques that represent a lipid-rich necrotic core or intraplaque hemorrhage (IPH). 3, 4, 6, [9] [10] [11] [12] 14, 16, 17 Among T1-weighted sequences, 3-dimensional (3D) T1-weighted gradient echo (T1GRE) sequences demonstrated higher diagnostic capability to detect IPH, 19 and now evaluating plaque vulnerability using 3D T1GRE images is gaining popularity in clinical settings. 3, 4, 6, [9] [10] [11] 14, 16 Evaluating plaque vulnerability also is important in CAS because mechanically ruptured plaques release debris from atherosclerotic plaque. Carotid plaque with T1 high intensity on 2-dimensional (2D) turbo spin echo images are reported to be predictive for cerebral embolism related to CAS, 20 whereas the similar usefulness of T1 high intensity on 3D T1GRE images has not been evaluated. In addition, a larger plaque presumably carries a higher risk that more debris will be released during CAS as a result of its large burden. However, the impact of plaque volume on cerebral embolism related to CAS has not been examined. Accurate estimation of such plaque characteristics is important clinically to plan strategies that reduce cerebral embolism related to CAS.
In the present study, we retrospectively assessed the usefulness of quantitative plaque characteristics, including signal intensity on T1-weighted images and plaque volume Background and Purpose-Preventing cerebral embolisms is a major concern with carotid artery stenting (CAS). This study evaluated 3-dimensional T1-weighted gradient echo (3D T1GRE) sequence to predict cerebral embolism related to CAS. Methods-We performed quantitative analyses of the characteristics of 47 carotid plaques before CAS by measuring the signal intensity ratio (SIR) and plaque volume using 3D T1GRE images. We used T1-weighted turbo field echo sequence to obtain 3D T1GRE images. We also evaluated diffusion-weighted images (DWI) of the brain before and after CAS to detect ischemic lesions (DWI lesions) from cerebral emboli. 
Results-SIR

Methods
Study Population
Our group performed 48 CAS from January 2008 to December 2009. Patients diagnosed with carotid lesions that were either symptomatic with >50% stenosis or those that were asymptomatic with >80% stenosis, by digital subtraction angiography according to the method used in the North American Symptomatic Carotid Endarterectomy Trial, met our criteria to perform CAS. 21 Carotid artery stenosis was defined as symptomatic if the patient had a history of ipsilateral ischemic events attributed to the affected carotid artery within the previous 120 days before CAS. Outside of this window, carotid artery stenosis was considered asymptomatic. The patient characteristics were collected retrospectively through a review of the medical records. Laboratory parameters were examined within 1 month before CAS.
Magnetic Resonance Imaging Protocol
MR examinations, including DWI and 3D T1GRE carotid plaque imaging, were performed after diagnostic angiography on all patients within 3 days before CAS. There were no ischemic events, such as transient ischemic attack or stroke, between preprocedural DWI and CAS. DWI were obtained within 48 hours after CAS. Carotid plaque images and preprocedural DWI were achieved with a 3.0T MR imaging system (Achieva Quasar Dual, Philips Medical Systems, Best, The Netherlands). DWI after CAS was performed with a 1.5T MR imaging system (Intera Achieva Nova, Dual, Philips Medical System, Best, The Netherlands).
We used 3D T1-weighted turbo field echo (T1TFE) sequence to obtain 3D T1GRE images. This imaging was performed in the coronal plane with null blood conditions (effective inversion time 600 msec; TR/TE 5.0/2.3 msec) and the water excitation technique to suppress fat signals. Other scanning parameters were as follows: FOV 260 mm; voxel size = 0.68×0.68×1.00 mm; flip angle = 13°, 56 partitions, covering 70 mm around the carotid bifurcation; and data acquisition time of 4 min 2 sec.
Preprocedural DWI was performed with the following parameters: TR/TE shortest/60; slice thickness = 3 mm; spacing, 0 mm; b value = 1000 sec/mm 2 ; and FOV = 230 mm. Postprocedural DWI was obtained with following parameters: TR/TE shortest/60 msec; slice thickness = 3 mm; spacing, 0 mm; b value = 1000 sec/mm 2 ; and FOV = 230 mm.
Quantitative Evaluation of Carotid Plaques Using 3D T1TFE Sequence
All MR images were reviewed by 2 neurointerventionalists blinded to clinical data. Regions of interest were drawn manually on a workstation around the carotid plaque and adjacent sternocleid mastoid muscle with coronal 3D T1GRE images that detected a largest carotid plaque segment. The signal intensity ratio (SIR) was defined as a value of the signal intensity of carotid plaque divided by that of sternocleid mastoid muscle, and was measured in each patient.
Carotid plaques were contoured manually in long-axis reconstruction 3D T1GRE images of the carotid plaque on a workstation, and the area (mm 2 ) of the carotid plaque was calculated automatically. The area measurement was repeated in all images that showed carotid plaques, and plaque volume (mm 3 ) was then calculated as a sum of the areas (mm 2 ) determined in each slice multiplied by the slice thickness (1mm).
Detection of Cerebral Embolism Using DWI
Pre-and postprocedural DWI images were compared, and any new ipsilateral hyperintense lesion (DWI lesion) was regarded as an ischemic lesion caused by cerebral embolism related to CAS. The number of new ipsilateral DWI lesions was counted by section-to-section comparison of the pre-and postprocedural DWI. 
CAS Procedure
All patients received the combination of aspirin (100 mg per day) with clopidogrel (75 mg per day) or cirostazol (200 mg per day) as an antiplatelet therapy at least 7 days before CAS. All CAS procedures were performed under local anesthesia via a percutaneous transfemoral route and by an experienced neurointerventional team. A heparin bolus of 100 U/kg was administered intravenously just after the introducer sheath was placed to increase the activated clotting time to a minimum of 300 sec. Two different types of distal embolic protection devices were used: Angioguard XP (Johnson & Johnson, Cordis, Minneapolis, MN; n=46) or Percusurge Guardwire (Medtronic AVE, Santa Rosa, CA; n= 2). In the 31 cases protected with Angioguard Xp, proximal balloon protection using Optimo (Tokai Medical Products, Aichi, Japan) was also performed. All of the patients were treated with self-expandable stents: Precise (Johnson & Johnson, Cordis, Minneapolis, MN) after dilation with a balloon catheter. Post dilation was performed as necessary. After completing CAS, heparin was not reversed, leaving its effect to disappear spontaneously. Neurological examinations were carried out in each patient before CAS, the day after CAS, and 30 days after CAS. Thirty-day morbidity was defined as any new neurological deficit that persisted 30 days after CAS.
Statistical Analysis
Normally-distributed continuous variables were expressed as mean ± standard deviation (SD). Median values and the interquartile range (IQR) were computed for non-normally distributed variables. Because most of the continuous variables were not distributed normally, we made a common logarithmic or square-root transformation of these variables. Baseline characteristics were compared by using Student t test for continuous variables and Fisher exact test for categorical variables. A 2-sided P value of less than 0.05 was considered to indicate a statistically significant difference. Multivariate logistic regression analysis with DWI lesion-positive or -negative as the outcome was then performed using those variables with a P value < 0.25 from the univariate analysis. Factors included were as follows: diabetes mellitus, proximal balloon occlusion, SIR, plaque volume, and low-density lipoprotein cholesterol (LDL-C) were analyzed for the incidence of DWI lesion related to CAS. Then, with the variables in which significance was indicated by the multivariate logistic regression analysis, correlation with the number of DWI lesions were further analyzed by calculating Spearman's correlation coefficients (rs).
The cutoff values of SIR and plaque volume with the best sensitivity and specificity for evaluating the probability of newly appearing DWI lesions were identified by analyzing the receiver operating characteristic curve. To determine intra-and inter-reader reproducibility, the intraclass correlation coefficient (ICC) with 95% confidence interval (CI) was calculated for the level of agreement. All of the statistical analyses were performed with IBM SPSS Statistics 19 software.
Results
Forty-eight consecutive CAS procedures were completed successfully with satisfactory angiographic results. Thirty-day morbidity and mortality were 2.1% and 0%, respectively. No myocardial infarctions or adverse events related to devices were observed. Characteristics of patients with or without DWI lesions (DWI positive, P-group; or DWI negative, N-group) are shown in Table 1 . One patient was excluded from evaluation because the quality of the 3D T1GRE images was inadequate for evaluation. In this case, flow artifact around the carotid plaque obscured the plaque-lumen interface. Thus, 47 carotid plaques were evaluated in this study. Representative 3D T1GRE images and DWI of P-group and N-group are presented in Figures 1 and 2 .
New ipsilateral DWI lesions were detected after 26 CAS procedures (55%). The majority of new ipsilateral DWI lesions were asymptomatic; however, 1 patient experienced a minor stroke from a cerebral embolism related to CAS. To clarify the ability of SIR and plaque volume to predict cerebral embolism related to CAS, the relationship between these variables and DWI lesions with CAS were investigated. The results of univariate analysis are summarized in Table 1 . Among the Figure 3 ). The multivariate logistic regression analysis that we subsequently performed, with DWI lesion-positive or -negative as the outcome, indicated SIR (P=0.007), plaque volume (P=0.042), and LDL-C (P=0.021) as independent predictors of new ipsilateral DWI lesions (Table 2) .
We then calculated Spearman correlation coefficients between those independent predictors and the numbers of DWI lesions and found significant correlation for SIR (rs=0.42, P=0.005) or plaque volume (rs=0.36, P=0.012), but not for LDL-C (rs=0.23, P=0.110; Figure 4 ).
Receiver operating characteristic curves indicated that the most reliable cutoff values of SIR and plaque volume to predict new ipsilateral DWI lesions related to CAS were 1.80 and 373 mm 3 , respectively (areas under the curve were 0.70 and 0.73, respectively). When the cutoff value of SIR was 1.80, the sensitivity, specificity, and positive and negative predictive values were 73%, 72%, 71%, and 75%, respectively. When the cutoff value for plaque volume was 373 mm 3 , the sensitivity, specificity, and positive and negative predictive value were 69%, 71%, 75%, and 65%, respectively.
Intrareader reproducibility (ICC, 95% IC) was excellent for the number of DWI lesions (0. 
Discussion
The present study demonstrated that MR plaque imaging using the 3D T1GRE images could identify plaques representing high risk for cerebral embolism related to CAS. SIR and plaque volume were significantly higher in the P-group than the N-group. In addition, the numbers of new ipsilateral DWI lesions were correlated positively with SIR and plaque volume. Because the number of new DWI lesions after CAS has been reported to have a clear association with the incidence of minor or major stroke, 22 SIR and plaque volume could be a useful predictors not only for DWI lesions but also for minor or major stroke. To our knowledge, this is the first report that describes the relationship between carotid plaque characteristics evaluated with 3D T1GRE sequence and risk of cerebral embolism related to CAS.
Preventing cerebral embolisms is a major concern with CAS. In contrast to carotid endarterectomy, CAS could mechanically rupture a plaque by applying high-pressure balloons and stents and could release plaque debris and soluble factors into the circulating blood. Therefore, accurate evaluation of carotid plaque characteristics is clinically important to reduce cerebral embolisms related to CAS, especially when the targeted carotid plaque is vulnerable. Vulnerable plaques that contain lipid-rich necrotic core or IPH as determined by ultrasonography or MR imaging are considered to be 1 of the risk factors for ischemic complications after CAS. 20, 23 Recent developments in MR imaging with high-contrast resolution have enabled noninvasive assessment of carotid plaque vulnerability. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Yamada et al 20 evaluated the usefulness of T1 high intensity in the 2D T1 turbo spin echo images to predict cerebral embolism related to CAS and concluded that an SIR of 1.25 was the most reliable cutoff value.
Recently, 3D T1GRE sequences have been used in clinical settings and attracted considerable attention for evaluating vulnerability of carotid plaques. 3, 4, 6, [9] [10] [11] 14, 16 Those sequences vary depending on the vendor, including 3D fast spoiled gradient recalled echo, 3D TFE, and magnetization prepared rapid acquisition with gradient echo. 3D Figure 3 . Scatterplot of Signal intensity ratio (A), plaque volume (B), and LDL-C (C) in the P-and N-groups. These variables were significantly different between the P-group and N-group in univariate analysis. Because SIR, plaque volume, and LDL-C were not distributed normally, we suitably made a common logarithmic or square root transformations of these variables to perform statistical analysis. 4, 19 Although 3D T1GRE sequences are gaining popularity for evaluation of plaque vulnerability, no studies have been performed to determine the usefulness of those sequences in predicting cerebral embolism related to CAS. Our results demonstrated that 3D T1GRE images are useful in predicting the risk of cerebral embolism related to CAS and the most reliable cutoff value to predict cerebral embolism related to CAS was 1.80. Because the plaque signal on T1-weighted images varies considerably with different magnetic field strength, 24 TR, 25 and sequence, 26 no reported cutoff value, including ours, achieved general validity. However, higher T1 intensity is certainly a risk factor for cerebral embolism related to CAS.
Larger plaques have more atherosclerotic burden and exposed surface, and hence presumably carry a higher risk of releasing more plaque debris during CAS. However, to date, no study has evaluated the association between carotid plaque volume and increased risk for cerebral embolism related to CAS. The severity of carotid stenosis is an important risk factor for stroke and is used to decide which patients could benefit from carotid intervention. Unfortunately, luminal stenosis does not necessarily reflect the amount of atherosclerotic plaque. Degree of stenosis could underestimate the plaque volume, because enlarged arterial lumen resulting from positive remodeling cannot be accounted for with angiography. 27 Long and continuous lesions with mild to moderate stenosis might have more atherosclerotic plaque materials than a severe stenosis that covers only a short segment. Our results clearly show that carotid artery stenosis with higher plaque volume carries more risk for cerebral embolism related to CAS, and that the cutoff value of plaque volume that most reliably predicts cerebral embolism related to CAS was 373 mm 3 . We propose that plaque volume should also be considered a risk factor of cerebral embolism related to CAS. Several limitations must be considered for the present study. First, it was performed retrospectively, and the number of patients enrolled was too small to evaluate the association with the incidence of stroke. A prospective study that includes an analysis for incidence of stroke with a larger number of patients would provide more evidence for the association we indicate in the present study. Second, the choice of embolic protection devices and other variables, such as the pressure applied for pre/post dilatation, differed in each case. Third, all the patients were treated with an open-cell-type stent. In a recent study, patients treated with open-cell-type stents had significantly higher stroke and death rates after CAS than those treated with closed-cell-type stents, 28 indicating that the latter type of stent might have an intrinsically greater potential to prevent cerebral embolism of plaque debris. Therefore, we might have experienced more embolism cases with CAS. Use of closed-cell-type stents would further help decreasing incidence of cerebral embolism related to CAS. Finally, assessment of carotid plaque using signal intensity might fail to diagnose vulnerable plaques when they are composed of large lipid-rich necrotic core without IPH, because the regional signal intensity of lipid-rich necrotic core without IPH may not be demonstrated with high intensity signals on T1-weighted images.
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Conclusion
The 3D T1GRE sequence was useful to identify vulnerable plaques at high risk for cerebral embolism related to CAS. Higher SIR and plaque volume evaluated with 3D T1GRE images correlated significantly with the appearance of DWI lesions related to CAS. We suggest that higher T1 intensity and larger plaque volume on 3D T1GRE images should be recognized as additional risk factors for cerebral embolism related to CAS.
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